Highlights  A new oxidation high-throughput assay based on the UV properties of a phospholipid probe is proposed.  Two site of oxidation (membrane or aqueous phase) were developed.  The new method, tested with several antioxidants, is rapid and reproducible.  Aqueous or membrane-induced oxidations provide further information on the antioxidants efficacy.
INTRODUCTION
Liposomes consist in spherical phospholipids vesicles which stabilize an aqueous core from the external medium 1 . Over the past decades, several commercial applications of liposomes have been developed to deliver bioactive molecules or therapeutic agents into their target zone of activity within organisms (e.g., cells, tissues) while improving clinical efficacy and limiting side effect linked to non-target delivery 2 . Modulation of liposome structure is easy since both the alkyl chains or polar heads of phospholipids can be tailored to modify vesicle size, charge but also membrane physical state or fluidity 3 . Liposomes present different physical structures that depend on their chemical composition and their method of preparation 4 . Multilamellar vesicles (MLV) contain several bilayers surrounding each other whereas unilamellar liposomes are made of a single bilayer. These latter can be distinguished as small unilamellar vesicles (SUV; diameter <100 nm) or large unilamellar vesicles (LUV; diameter >100 nm).
Multi-vesicular vesicles (MVV) correspond to smaller vesicles trapped into a large vesicle.
In the context of their use as bioactive delivery vehicles, liposomes exhibit drawbacks owing to their relative poor physical or chemical stability 5 . For example, depending on environmental conditions (e.g., temperature, ionic strength, pH), they may undergo properties of the liposomes 7 . For example, the size and number of layers in the liposome impact its stability 3 . Apparently, LUV maintain their structural integrity when exposed to reactive oxygen species (ROS) generated outside the bilayer (in aqueous media). LUV are more sensitive to oxidation than MLV and they avoid the problem of partial accessibility of the oxidation inducer to external lipid bilayer as in MLV 7 . The oxidation of liposomes can be limited using the same strategies that are employed for the protection of classical oils (made of triacylglycerols). Such strategies involve the limitation of high temperature, light or oxygen exposure, as well as the use of exogenous antioxidants that can act by various mechanisms (e.g., metal chelators or radical scavengers) 8 .
In addition to their therapeutic use, liposomes have been used extensively as models for in vitro lipid oxidation studies 9 . The involvement of oxidants in several pathological disorders, including cancer, diabetes, cardiovascular diseases, chronic inflammatory disease, postischaemic organ injury, neurodegenerative disorders, and xenobiotic/drug toxicity has been widely documented [10] [11] [12] . No matter how oxidation is involved in tissue injury in human disease (origin of the disease or simply produced during the development of the damage), the mimetic bilayer structure of liposome represents an interesting tool to investigate the antioxidant potential of a compound, as well as drug-membrane interaction.
In a complex system where liposomes are involved, either in food, cosmetic or pharmaceutical formulations, the efficiency of these antioxidants would be governed, not only by their chemical reactivity, but also by their interactions with other components and their localization in the concerned systems. In particular, the most efficient antioxidants will be the the evaluation of antioxidant potency in liposomal media where the used probe would correspond to real phospholipids instead of artificial probes.
In 2008, our group has developed a new method to evaluate antioxidants capacity in oil-inwater emulsion, using Tung oil as oxidizable substrate which is particularly rich in trieleostearin 24 . Due to its conjugated triene, eleostearic acid exhibits a unique UV absorbance spectrum that is very convenient to estimate its oxidation rate by UV spectrophometry equipment (micro-plate reader). This method (CAT assay) is now used to assess the potential of natural antioxidants or plant extracts 25, 26 , phenolipids [27] [28] [29] , synthetic antioxidants 30 or essential oils 31 . More recently, this method was also adapted to the use of a lipophilic azo initiator, namely AMVN to compare the behavior of hydrophilic and lipophilic antioxidants 32 .
Herein, we propose a further version of this eleostearic-based emulsion assay, adapted to vesicle suspension. For this, an eleostearic phospholipid probe was synthesized, and its concentration in artificial membrane suspension was fine tuned in order to visualize its natural absorbance using microplate reader. Then, the conditions were established with the aim at promptly and efficiently probe the membrane oxidation by simply following the eleostearic phospholipid absorbance decay. Finally, this new method called "Vesicle Conjugated Autoxidizable Triene (VesiCAT)", was tested with addition of diverse antioxidants. Either in aqueous or membrane region, linear and reproducible responses over the concentration range were observed, with respect to liposomes induced peroxidation and antioxidant efficacy.
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Extraction and purification of α-eleostearic acid from Tung Oil.
Eleostearic acid was isolated from Tung oil using a method adapted from [33] [34] [35] 
Synthesis of 1,2-α-Eleostearoyl-sn-glycero-3-phosphocholine (DEPC) adapted from 36 :
To a solution of sn-Glycero Relative absorbance = Abst / Abs0 (1)
Where Abst and Abs0 are absorbances measured at times t and 0 min, respectively. It is worth mentioning that if the measurement is not rapid enough after initiating the oxidation, the Abs0 for the blank (without antioxidant) may be lower than the sample containing the antioxidant.
In this case, to normalize Abs0, the experimental Abs0 of blank can be artificially replaced with the Abs0 of samples in Equation (1). The area under curve (AUC) corresponding to relative absorbance decay was then calculated as follows
The net protection area provided by an antioxidant sample was then calculated using the difference between the AUC in the presence of an antioxidant sample (AUCSample) and the AUC of the blank (AUCControl), the latter consisting of the same mixture without antioxidant.
Trolox was used as a calibrator for antioxidant capacity measurements. Thus, the antioxidant capacity of a sample relative to Trolox (VesiCAT value) is given as: For this, a two-steps procedure ( Figure. 1) was applied to the synthesis of a phosphatidylcholine having two eleostearic alkyl chains: first, the extraction and purification by recrystallization of the eleostearic acid from Tung oil 35 , and, second, phospholipid synthesis through nucleophilic substitution using sn-glycero-3-phosphocholine 36 . The soobtained di-eleostearic phospholipid (DEPC) was then used as new marker to assess oxidation once incorporated into model membrane systems (liposomes). Indeed, the conjugated trienes bound onto the phosphocholine moiety exhibit very high oxidative sensitivity and strong absorption in the ultraviolet domain characterized by a signal having three peaks at 263, 273, and 283 nm (Figure. 2) . Under oxidizing conditions induced by a hydrophilic peroxyl radical generator (AAPH) at 40°C in phosphate buffer solution (pH 7.2), we showed that oxidative degradation of such liposomes enriched in DEPC probe, could be kinetically followed by measurement of the absorbance decrease at 273 nm (Figure 2) . Concomitantly, an increase in absorbance at around 230 nm was also observed due to oxidative degradation of the conjugated trienes system to conjugated dienes 24, 37 . We also studied the natural oxidation of the DEPC in a liposomal system in the absence of azo initiator (data not shown). However, we observed that oxidation kinetics were much slower (~days) than artificially induced oxidation (~hours), which appears to be incompatible with high-throughput purpose. That is why the use of azo initiators was chosen. Indeed, despite their artificiality, they are easy to use, enabling a constant, fast, and temperaturecontrolled rate of peroxidation. Two different radical generators (namely AAPH (hydrophilic) and AMVN (lipophilic)) were used with the aim at comparing water-soluble and interface membrane radical initiation. We first adjusted the main parameters (e.g., oxidizing conditions, liposome preparation, DEPC concentration), and then validated the method by using some phenolic antioxidants.
VesiCAT assay development and validation with antioxidants

VesiCAT with water radical initiation (AAPH)
The method was developed with the simplest liposomal system, made with non-oxidizable phospholipids having different alkyl chain lengths, namely DLPC and DPPC. For this, two different large unilamellar vesicles, prepared with a blend of DEPC/DLPC and DEPC/DPPC, were made to evaluate how membrane structure can affect the kinetics of oxidation and antioxidant response. Liposomes suspensions were oxidized at 34.5 ± 0.5 °C (liquid temperature in wells) with a constant flux of radical initiators generated in the aqueous phase by thermo degradation of AAPH. For this, the AAPH concentration was fixed at 2 mM, which represents a good compromise between the oxidation rate and the substrate/azo initiator ratio. 21 . Its addition at different concentrations (from 0.5 to 8 µM) in liposome suspensions before initiating oxidation with AAPH led to an expected, and a desired, progressive delay in the absorbance decay ( Figures. 3 and 4) .
Many strategies could be used to measure and represent the antioxidant capacity such as: the area under the curve (AUC), the reaction rate with free radicals, the inhibition time, and the antioxidant concentration necessary to achieve 50% inhibition (IC50). A good method should be able to differentiate the antioxidants with different reaction kinetics. Measurement of the AUC seems more suitable when the objective is to compare antioxidant capacity of various molecules/extracts, independently of the antioxidative mechanism (i.e., retarder or chain breaker). Indeed, for methods using a fixed time or inhibition degree as endpoint, the time or inhibition degree selection is critical to evaluate antioxidant efficacy. Different time points or However, for methods utilizing AUC, there is a clear starting point and a clear endpoint, and its calculation exploits both inhibition time and degree of oxidation, thus reflecting the different reaction kinetics. From those reasons, we believe that assays using AUC provide global information, whereas other approaches may give more specific data. However, kinetic parameters such as lag phase duration and initial rate can be also evaluated to get more insight on the oxidation mechanisms.
In the AAPH-induced oxidations, the net protection AUC of the reference (AUCTrolox -AUCControl) versus concentration, allowed for a perfect linear relationship (R 2 ≥ 0.997), with values equivalent to 9.8-fold ± 0.4 the Trolox concentration in DEPC/DLPC ( Figure. 3) and 8.3-fold ± 0.5 the Trolox concentration in DEPC/DPPC membranes (Figure. 4) . In addition, various antioxidants at different concentrations were tested in the different membrane composition ( Figures. 3 and 4) . These model antioxidants were chosen according to their occurrence in the literature dealing with antioxidant behaviors and also on the fact that they cover different chemical structures from simple phenolic compounds to more complex molecules. Through calculation of the AUC, good linear relationships (R 2 ≥ 0.98) were established between net protection areas (AUCAntioxidants-AUCControl) and antioxidant concentrations for all phenolics tested, both in DLPC ( Figure. 5) and DPPC (Figure. 6) vesicles.
Thus, regardless of the nature of the antioxidants and membrane composition, the oxidation of the phospholipid follows very similar and consistent trend. It is worth noting that the higher 
VesiCAT with membrane radical initiation (AMVN)
The same approach was performed using liposoluble AMVN as azo initiator. AMVN is a synthetic azo-compound that dissociates to form C-centered free radicals and then peroxyl radicals by oxygen reaction, in the hydrophobic phospholipid bilayer. Unlike water-based initiators, AMVN must be added before vesicles formation. For that reason, the VesiCAT As previously for AAPH induced oxidation, Trolox was used as a reference standard, and its addition at different concentrations (from 0.5 to 5 µM) in the LUV suspension before starting oxidation by increasing temperature, led to the same observation with a progressive delay in the absorbance decay ( Figure. 7) . However, in the oxidation experiments carried out with AMVN, the kinetic behavior, especially the very slow return to baseline, was different making the calculation of the total AUC more difficult. This is possibly the result of more complex reactivity between antioxidants and oxidant species, with a higher order reaction rate than the ones obtained in the AAPH assays. Thus, for AMVN-induced oxidation, the AUC80 corresponding to the area under the curve obtained after 80% of DEPC oxidation was calculated. In this condition, the net protection AUC80 of the reference (AUC80_Trolox -AUC80_Control) versus concentration, allowed for a perfect linear relationship (R 2 ≥ 0.998), with values equivalent to 3.4-fold ± 0.6 the Trolox concentration in DEPC/DLPC membranes ( Figure. 7) . (Figure. 7) . Through calculation of the AUC80, good linear relationships (R 2 ≥ 0.98) were established between net areas at 80% of DEPC oxidation (AUC80_Antioxidant-AUC80_Control) and antioxidant concentrations ( Figure. 8) . Unlike the AAPH-induced oxidation, Trolox appeared to be the best antioxidant. Contrariwise, chlorogenic acid showed the poorest antioxidant efficacy, whereas it was one of the best ones with AAPH assays.
VesiCAT assays: comparison of the results
It appears that the order of effectiveness of the AAPH-induced oxidation assays is gallic acid < Trolox < quercetin ~ chlorogenic acid < rosmarinic acid, whereas it is chlorogenic acid < gallic acid < quercetin < rosmarinic acid < Trolox for AMVN-induced oxidations. When the equation (3) provided in material and methods section is applied, rosmarinic acid exhibited the highest VesiCAT value in all assays, followed by quercetin, whereas gallic acid showed very low values (Table. 1). As already mentioned, chlorogenic acid showed very opposite trends with respect to antioxidant capacity. It is an efficient antioxidant with aqueous generated oxidants, but poor antioxidant while oxidant species are generated in membrane domain. This is the perfect example that the effectiveness of antioxidants could be related to the type of inducer and the region where oxidant species are initiated and spread. Beside the membrane composition effect, the antioxidant capacity of molecules may result not only on their chemical interaction with other molecules involved in the oxidation pathway, but also on their location, concentration, distribution into the different regions (e.g., interfacial lipid membranes, water), or even penetration depth in membrane 42 . In addition, another fundamental facet to consider is the mobility of antioxidants in such assays monitored over few hours. When an antioxidant is added to the liposomal suspension, it will move to scavenger/reducer of free radicals (AAPH assays), is very poor in the AMVN assay. One reason could be a slow mobility combined, or not, with a low distribution in the interfacial domain.
CONCLUSION
This study describes a new absorbance probe-based method (VesiCAT) for measuring liposome oxidation. The di-eleostearic phospholipid (DEPC) probe was synthesized through a two-steps procedure, and the experimental conditions were finely tuned to observe and measure its oxidation in liposomal systems. This is very unique system, and the big advantage over the other artificial probes is that the probe corresponds to real phospholipids. Indeed, the current probes used to evaluate the antioxidant capacity have different lipophilic and charge properties, and when blending with membrane, they could alter physical properties. In addition, their membrane affinity, mobility, location, penetration depth, and orientation are uncertain and would likely be different to a fatty acid esterified on a phospholipid. All these characteristics are essential while measuring antioxidant activity and therefore, imprecisions could misinterpret the antioxidant responses.
Considering that the region of oxidation may induce different oxidation pathways and therefore antioxidant responses, two inducers, with opposed solubility, were implemented to initiate oxidation. Results, carried out on several antioxidants, showed that the assays are reproducible and efficient, and pointed out that the AAPH-and AMVN-induced oxidations provide further information on the antioxidants efficacy. 
